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g^ i Abstract. Molecular motors transport various cargos along cytoskeletal fila- 

ments, analogous to trucks on roads. In contrast to vehicles, however, molecu- 
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lar motors do not work alone but in small teams. We describe a simple model 
for the transport of a cargo by one team of motors and by two teams of motors, 
which walk into opposite directions. The cooperation of one team of motors 
generates long-range transport, which we observed experimentally in vitro . 
j^ . Transport by two teams of motors leads to a variety of bidirectional motility 

behaviour and to dynamic instabilities reminiscent of spontaneous symmetry 
breaking. We also discuss how cargo transport by teams of motors allows the 
' y ' cell to generate robust long-range bidirectional transport. 

s ■ 

O 

1 Introduction: Traffic of molecular motors and the need 
for motor teams 

>, 

\l , Molecular motors are protein molecules which power various transport pro- 

cesses in cells [1]. Their traffic is in many ways similar to car traffic. While cars 

^^' , drive on roads, molecular motors walk along tracks provided by cytoskeletal 

filaments. While cars consume petrol, molecular motors use energy from the 
hydrolysis of adenosine triphosphate (ATP) in order to perform mechanical 

QQ ' work. Prominent examples are the kinesin and dynein motors traveling along 

f^ , filaments called microtubules which form a 'highway network' inside the cell. 

These are 'one-way highways': dynein motors walk preferentially to one end of 
the microtubules (called 'minus' end) while most kinesins walk to the oppo- 

^ ' site microtubule 'plus' end. Just like cars, motors can walk backwards, but are 

rather bad at it: they usually do so only slowly and if forced. Of course, there 
are also important differences between cars and motors. An obvious difference 
is the length scale: While cars are several m in size and travel km distances, 
molecular motors are only about 100 nm in size and travel fim distances. As 
a consequence, molecular motors work in an environment dominated by ther- 
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mal noise, which for a car would be comparable to permanently driving in a 
hurricane. This leads to another interesting feature of molecular motors: they 
can 'fly', i.e. unbind from their track. However, upon unbinding they lose their 
ability to perform directed motion and randomly diffuse in the surrounding 
solution until they finally rebind to a filament. Due to these unique features, 
the traffic of molecular motors has become an attractive problem for traffic 
modeling and studies of non-equilibrium transport [2, 3, 4]. 

In this paper we address another aspect of cargo transport by molecular 
motors. While in road traffic a single truck usually suffices to carry its cargo, 
in cellular traffic this is not so. As mentioned, due to thermal noise molecular 
motors unbind from their track from time to time. For the molecular motor 
kinesin this happens on average after a 'run length' of about 1 /im. A cel- 
lular cargo, however, must accomplish distances of tens of /ini, and in some 
extremely large cells like neurons even up to a metre [5]. Furthermore, the 
cellular surrounding is very viscous, leading to high frictional forces which 
can become too large for a single motor. A third problem for the cell is bidi- 
rectional transport. In a cell, the 'one-way' microtubule tracks are usually 
arranged in an isotropic way, pointing from the cell centre to the cell periph- 
ery [6]. A single motor walks in only one direction along these tracks. However, 
many cellular cargos travel bidirectionally [7, 8] , as has to be the case in order 
not to accumulate cargo at either the cell periphery or the cell centre [9, 10]. 

The cell solves all three problems by using several molecular motors rather 
than a single motor to transport a cargo. In order to obtain large run lengths 
and forces, several motors of the same species can work together as 'one team'. 
In order to accomplish bidirectional transport, motors with different direc- 
tionalities transport a single cargo as 'two teams'. The number of motors in 
a team is small, typically between 1 and 10 [11, 12]. In this paper we review 
recent theoretical analyses [13, 14] and in vitro experiments [15] performed in 
our group that studied the cooperation of small teams of molecular motors 
pulling a single cargo along a unidirectional filament network. After defining 
our model, we will first examine the transport by one cooperating team of 
molecular motors of the same species and then the transport by two antago- 
nistic teams of molecular motors that walk into opposite directions. 



2 Theoretical modelling: from one to many motors 

We consider a cargo which is transported by fixed numbers of iV+ plus and A^_ 
minus motors. Because of thermal fluctuations, a motor stochastically unbinds 
after some time. Therefore the cargo is pulled by a fluctuating number of 
motors, see Fig. 1(b). The state of the cargo is determined by the numbers n+ 
and n_ of pulling plus and minus motors. In the simplest case, the motors work 
independently of each other, and one can deduce the cargo behaviour from the 
behaviour of a single motor. A single motor can bind to the filament with the 
binding rate ttq , walk along it with the forward velocity Vp , and unbind from it 
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Fig. 1. Transport by small teams of motors, (a) A cargo with A'' = 3 motors is pulled 
by a fluctuating number of motors, (b) A cargo with N+ = 2 (black) plus motors 
and N- — 2 (white) minus motors is pulled by a fluctuating number of plus and 
minus motors. States with only plus motors bound (+), only minus motors bound 
(— ) and both types of motors bound (0) correspond to fast plus, fast minus and slow 
motion, respectively, (c) Motility diagram for the symmetric tug-of-war of 4 against 
4 motors with the same single- motor parameters (except their preferred direction). 
Depending on the single- motor force ratio / = Fs/Fd of stall and detachment force 
and desorption constant K = eo/TTo, the cargo is in one of three motility states (0), 
( — h) or (—0-1-) as explained in the text. For high desorption constants, the cargo is 
unbound. 



with rate eq- If the motor has to work under a force F, which can be caused by 
opposing motors, Stokes friction, or an optical trap, these rates become force- 
dependent. The unbinding rate increases exponentially with the forces [16] as 
e{F) = Co exp{F/Fd), where the force scale is set by the detachment force Fd. 
The velocity decreases linearly [17], v{F) = ^^(1 ~ F/Fg) until it reaches zero 
at the stall force Fg. For higher loads, the motor walks backwards [17] with 
the velocity v{F) — — Wb(1 — F/ Fs), with a very small backward velocity v^- 



3 Transport by one team of motors 



We first consider a cargo transported by A'^ = iV_|_ plus motors and no minus 
motors, iV_ = 0. The number n = n+ of motors which are bound to the 
filament fluctuates between and N , see Fig. 1(a). As the motors work inde- 
pendently, the unbinding and binding rates for one motor in the cargo state 
with n pulling motors are simply ne^ and {N — n)'iTQ with the single motor 
unbinding rate eq a-nd binding rate ttq. This leads to a Markov process on the 
states n — 1, . . . ^N , for which we have obtained a number of analytical results 
[13]. 
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In particular, the average run length, i.e. the distance a cargo moves along a 
filament before it unbinds from it, increases essentially exponentially with the 
motor number N . This is because the cargo particle continues to move along 
the filament unless all N motors unbind simultaneously. When the cargo is 
transported by the molecular motor kinesin, 3 kinesins suffice to cross a cell of 
50 ^m diameter, and 7-8 kinesins lead to average run lengths in the centimetre 
range [13]. The corresponding run length probability distribution is a sum of 
exponentials, which develops fat tails for large motor numbers N. 

The increase of run length with increasing motor number has been ob- 
served in vitro [18, 19, 20], but it has been difficult to determine the number 
of motors pulling the cargo. To overcome this limitation, we have recently 
used a combination of dynamic light scattering (DLS) and a comparison of 
measured and theoretical run length distributions to determine the number 
of pulling motors [15]. In our experiments, latex beads were incubated in so- 
lutions with different concentrations of kinesin motors. The kinesins bound 
stochastically to the beads and pulled them along an array of immobilized 
isopolar microtubules within a glass channel [21]. In such an assay, the maxi- 
mal number of motors which are available for binding to the microtubule and 
pulling the cargo is not constant, but varies from bead to bead. The theoretical 
run lengths were therefore weighted with a truncated Poissonian distribution 
[15], and then fitted to the measured run length distributions for 9 different 
kinesin concentrations using only 2 fit parameters. The agreement of theory 
and experiment allowed to calculate the maximal number N of motors which 
were available for bead transport. This result was found to correspond well to 
the motor number independently estimated from the DLS measurement. 



4 Transport by two teams of motors 

Next we consider a cargo with N+ plus and iV_ minus motors attached. The 
numbers n+ and n_ of bound plus and minus motors, change stochastically 
as shown in Fig. 1(b). As the motors are assumed to act independently, the 
rates for unbinding and binding of a single motor when the cargo is in the 
state (n+, n_) can be deduced from the corresponding single motor rates. The 
opposing motors exert force on each other, so that each plus motor feels the 
force _F-f and each minus motor the force F-. Newton's third law requires 
n+F-f — n^F^. Furthermore, as both motor types are bound to the same 
cargo, the velocity of each plus motor under force F^ must equal the velocity 
of each minus motor under force F_ . The force and velocity balance determine 
the motor forces i^+ and F- and therefore the motor binding and unbinding 
rates and the cargo velocity [14]. 

It is instructive to consider the symmetric tug-of-war of Nj^ = N-. plus 
and minus motors which have the same single motor parameters and differ 
only in their preferred direction. In this case the direction of motion in each of 
the cargo states shown in Fig. 1(b) is simply given by the majority motor type 
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and is indicated by (+), (-) or (0) for plus motion, minus motion and slow 
motion, respectively. The probability p(ri+,n_) that the cargo is in the state 
with n+ bound plus and n_ bound minus motors can have either 1, 2 or 3 
maxima, depending on the single motor parameters, see Fig. 1(c). As the cargo 
spends most of its time in configurations with high probability, these maxima 
characterize the large-scale cargo motion. For 'weak' motors with a low ratio 
/ = Fg/Fd of stall force to detachment force, the probability distribution 
p(n+,n-) has only one maximum at a configuration with n+ = n_, which 
corresponds to no motion [no motion motility state (0)]. When the motors 
have a high force ratio /, on the contrary, the motor number probabilities 
exhibit two maxima at {n,0) and (0,n). In this parameter range, the cargo 
switches stochastically between fast plus and fast minus motion [( — h) motility 
state]. In an intermediate range of /, all three types of maxima appear, and 
the cargo switches between fast plus motion, fast minus motion and pauses 
[(—0+) motility state]. 

For large force ratios /, the appearance of two maxima at (n, 0) and (0, n) 
in a situation symmetric with respect to plus and minus motors is reminiscent 
of spontaneous symmetry breaking during continuous phase transitions. The 
reason for its appearance is a dynamic instability caused by the nonlinearity in 
the force-dependence of the single motor unbinding rate. The time for switch- 
ing between the two non-symmetric maxima increases exponentially with the 
motor number N^ = iV_ , indicating a non-equilibrium phase transition in the 
infinite system. 

If the tug-of-war is non-symmetric, the dynamic instability persists, and 
the cargo switches stochastically between fast plus motion, minus motion and 
/ or pauses. However, now the plus-minus motor symmetry is lost, biased plus 
or minus motion is possible. Thus, even though the motors are engaged in a 
tug-of-war, fast motion into plus or minus direction can be generated. 



5 Discussion: robustness and regulation 

Why should cells use a team of motors instead of one strong motor which 
rarely unbinds from the filament? And why should cells use two teams en- 
gaged in a tug-of-war instead of one team only which is substituted by a team 
of opposite-directional motors when appropriate? The reasons may be robust- 
ness and sensitivity to regulation. A team of motors is more robust against 
failure of a single motor. And a team can be easily regulated by simply regu- 
lating the number of motors involved in the team. Two teams of motors can 
carry a cargo into two directions instead of only one. A bidirectionally moving 
cargo can search for its target, bypass obstacles and correct targeting errors. 
Furthermore, a cargo with two teams of motors engaged in a tug-of-war is 
very sensitive to regulatory mechanisms: because of the dynamic instability, 
small changes in the molecular properties (or of the number) of one or both 
motor types can qualitatively change the characteristics of cargo motion. The 
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cargo can move into one direction faster or for a longer time and it may show 
net plus or net minus motion. In this way the cell can easily target its cargos 
as appropriate. 

In summary, we have described a simple model for cargo transport by one 
or two teams of molecular motors. Despite its simplicity, the model exhibits 
a rich variety of motility behaviours and explains how the cell might satisfy 
its need for long-range bidirectional transport. 

Acknowledgements. The authors thank R. Serral Gracia and E. Unger 
for enjoyable collaborations. SK was supported by Deutsche Forschungsge- 
meinschaft (Grants KL818/1-1 and 1-2) and by the National Science Founda- 
tion through the Physics Frontiers Center-sponsored Center for Theoretical 
Biological Physics (Grants PHY-0216576 and PHY-0225630). 



References 

1. Howard J (2001) Mechanics of Motor Proteins and the Cytoskeleton. Sinauer 
Associates, Sunderland (Mass.) 

2. Lipowsky R, Klumpp S (2005) Physica A 352:53-112 

3. Lipowsky R, Klumpp S, Nieuwenhuizon TM (2001) Phys. Rev. Lett. 87:108101 

4. Parmeggiani A, Franosch T, Frey E (2003) Phys. Rev. Lett. 90:086601 

5. Goldstein LSB, Yang Z (2000) Annu. Rev. Neurosci. 23:39-71 

6. Lane J, Allan V (1998) Biochim. Biophys. Acta 1376:27-55 

7. Gross SP (2004) Phys. Biol. 1:R1-R11 

8. Welte MA (2004) Curr. Biol. 14:R525-R537 

9. Klumpp S, Nieuwenhuizen TM, Lipowsky R (2005) Biophys. J. 88:3118-3132 

10. Miiller MJI, Klumpp S, Lipowsky R (2005) J. Phys.: Condens. Matter 17:83839- 
S3850 

11. Habermann A, Schroer TA, Griffiths G, Burkhardt JK (2001) J. Cell. Sci. 
114:229-240 

12. Gross SP, Vershinin M, Shubeita GT (2007) Curr. Biol. 17:R478-R486 

13. Klumpp S, Lipowsky R (2005) Proc. Natl. Acad. Sci. USA 102:17284-17289 

14. Miiller MJI, Klumpp S, Lipowsky R (2008) Proc. Natl. Acad. Sci. USA 105:4609- 
4614 

15. Beeg J, Klumpp S, Dimova R, Serral Gracia R, Unger E, Lipowsky R (2008) 
Biophys. J. 94:532-541 

16. Schnitzer MJ, Visscher K, Block SM (2000) Nature Cell Biol. 2:718-723 

17. Carter NJ, Cross RA (2005) Nature 435:308-312 

18. Block SM, Goldstein LSB, Schnapp BJ (1990) Nature 348:345-352 

19. Coy DL, Wagenbach M, Howard J (1999) J. Biol. Chem. 274:3667-3671 

20. Scitz A, Surrey T (2006) EMBO J. 25:267-277 

21. Bohm KJ, Stracke R, Miihlig P, Unger E (2001) Nanotechnology 12:238-244 



